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Abstract. The paper describes an advanced discrete-element based mechanical model, 
which allows modelling contact interaction of ductile materials with taking into 
account fracture and surface adhesion by the cold welding mechanism. The model 
describes these competitive processes from a unified standpoint and uses plastic work 
of deformation as a criterion of both local fracture and chemical bonding of surfaces in 
contact spots. Using this model, we carried out a preliminary study of the formation of 
wear particles and wedges during the friction of rough metal surfaces and the influence 
of the type of forming third body (interfacial) elements on the dynamics of the friction 
coefficient. The qualitative difference of friction dynamics in the areas of the contact 
zone characterized by different degrees of mechanical confinement is shown. 
Key words: Dry friction, Cold welding, Wear debris, Mechanical confinement, 
Computer modeling, Discrete element method 
1. INTRODUCTION 
Although adhesive wear during sliding friction of dry surfaces has been intensively 
studied over the past several decades, it is still a phenomenon extremely difficult to 
understand and predict [1-5]. The most popular approach to understanding and interpretation 
of key aspects of friction and wear is the concept of the third body proposed by M. Godet [6-
8]. This concept implies the formation and development of material fragments (interfacial 
elements) between contacting surfaces and the determining contribution of these elements to 
the dynamics of contact interaction including the value of the friction coefficient and wear 
rate. In friction pairs formed by ceramic materials (normally characterized by low surface 
energy), these interfacial elements are usually considered as wear particles [9, 10], while in 
metallic friction pairs the situation is much more complicated. Due to the high values of 
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surface energy and ductility of metallic materials, an important role in the formation and 
evolution of the third body is played by the adhesion of interfacial elements to contact 
surfaces and to each other. Adhesive strength can be comparable to the cohesive strength of 
materials themselves. Therefore, interfacial elements, being the main load carriers, undergo 
large plastic deformations and are hardened stronger than the surface layers, and so become 
strong and stable formations. In the process of friction, these formations can increase in size 
by accretion of smaller interfacial elements and adherence of material from the surfaces, as 
well as occasionally crush [11-13]. Accordingly, the characteristic dimensions of the main 
load-carrying interfacial elements may exceed the height of surface asperities (for both initial 
and current surfaces) by orders of magnitude. Therefore, they completely separate the 
interacting surfaces and form the actual relief of the contact zone (defined as a set of spots of 
local contact of surfaces with interfacial elements) [5]. The roughness characteristics of the 
surfaces themselves at the stage of steady-state friction have only an indirect effect on the real 
contact area and its change, and, consequently, on the dynamics of friction. 
Interfacial elements in metallic friction pairs can have not only significantly different 
sizes but also geometries. The latter is determined by differences in the conditions and 
mechanisms of the formation of third body fragments. Common names for the largest 
interfacial elements are prow, wedge, flake (these are generally transfer fragments, but not 
wear particles), and wear particles/debris themselves [14, 15]. The conditions and 
mechanisms for the formation of these interfacial elements (and their functional roles) are 
widely discussed in the literature, but there is still no unambiguous understanding of many key 
issues. In particular, a recent discussion by J.A. Greenwood [5] raises again the question of 
how wear debris forms in metallic friction pairs and how they relate to wedges/prows. 
An effective tool for a deeper insight into the physics (in particular, mechanics) of the 
formation and evolution of prows, wedges and wear particles is computer modelling [16, 
17]. Macroscopic regularities of friction and wear are traditionally studied using FEM or 
BEM with implemented models of contact interaction and wear [18-22]. Such studies, 
however, do not come close to understanding the mechanisms of the formation of wear 
particles. The most attractive tool for performing such studies is the molecular dynamics 
method. In recent years, MD modelling helped to obtain important information that shed 
light on the conditions and mechanisms of the formation of nanoscale transfer fragments, 
which can subsequently contribute to the formation and accretion of wedges, prows, or 
wear particles [23-28]. However, due to the extreme smallness of the studied spatial and 
temporal scales (the contact of single nanoasperities is usually considered) and the use of 
the ideal crystal structure of the initial surface layers, these studies do not allow making 
unambiguous conclusions about the development of the studied processes at larger spatial 
scales and times. In recent years, various authors have proposed mesoscale numerical 
models that allow describing the processes of ploughing, lump/wedge formation, debris 
particle growth [12, 29-31]. However, these models consider single asperities, while the 
evolution of the contact zone (including separation of the surfaces and wear) is 
determined not simply by the independent evolution of single interfacial elements, but 
also by the mutual influence and competition between interfacial elements even located 
far from each other in the contact zone. 
Particle-based numerical method of discrete elements (DEM) is known as a promising 
and potentially effective tool for the numerical study of complex processes of formation 
of transfer fragments and small wear particles, their subsequent coalescence into large 
wear particles or wedges/prows, as well as competitive growth and occasional fracture of 
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such interfacial elements. It was originally developed for the simulation of granular 
materials, but is now widely used to simulate complex aspects of solids behavior 
including multiple fractures, contact interaction and friction, mass transfer, and mixing 
effects. In particular, this method is used to study the mesoscopic mechanisms of the 
formation of accretionary wedges at convergent plate boundaries in the lithosphere (an 
example of the contact problem on the geological scale) [32, 33]. The authors of this 
paper develop the original formulation of DEM, namely, the method of homogeneously 
deformable discrete elements [34]. This formulation makes it possible to implement 
models of the mechanical behavior of materials with complex rheological properties 
(including elastic-plastic) [35], as well as to take into account surface adhesion. Using 
these models, the basic modes of deformation and fracture of initial mesoscopic asperities 
were systematically analyzed for the first time and the influence of surface adhesion and 
macroscopic material properties was generalized [36, 37]. 
Despite large capabilities, the formalism of the method needs further development 
to study the evolution of transfer fragments in metallic friction pairs, including the 
formation of large interfacial elements and the competition of their evolutions. In 
particular, the model of contact interaction of discrete elements should take into 
account the key features of cold welding between rough (and potentially contaminated) 
surfaces [38-40]. The model of element-element bond-breaking should be based on a 
“universal” (dissipative) criterion, which can be applied both to elastic-plastic material 
in the initial state and to newly formed (cold-welded) fragments. This paper is devoted 
to the description of the advanced model of discrete element interaction, which takes 
into account the features described above. We show that the model allows adequate 
describing the formation and evolution of large interfacial elements as well as the 
competition between interfacial elements in the contact zone. 
2. DISCRETE ELEMENT MODEL OF CONTACT INTERACTION 
2.1. The keystones of the model 
Within the framework of the formalism of DEM, the simulated material is represented 
by an ensemble of interacting elements (particles). A discrete element models a certain 
finite volume (region or fragment) of a material. This volume is bounded by a well-
defined surface and contains a sufficient number of atoms or molecules for an integral 
description in terms of thermodynamic parameters. Mechanical interaction of these finite 
volumes (discrete elements) leads not only to their translational motion but also to the 
rotation, which is determined by the moments of interaction forces [41, 42]. 
The authors use the most widely used implementation of the discrete element method 
based on the approximation of equivalent disks (2D models) or balls (3D models) [43, 
44]. Within the framework of this approximation, discrete elements modeling areas of the 
consolidated material are assumed to have an equiaxial polygonal shape and interact 
through flat faces. The motion of such elements is described by the classical system of 
Newton-Euler equations of motion for inscribed discs or balls having the same values of 
mass and moment of inertia as describing polyhedra. In this case, the central force of 
interaction of the two elements leads to their translational motion along the line 
connecting the centers of the approximating disks or balls, and the tangential force causes 
motion in the transverse plane and rotation. A pair of interacting elements can be in a 
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linked or unlinked state. The first case corresponds to the presence of a chemical bond 
between the contact surfaces of the elements, while the second case simulates the 
classical adhesionless contact interaction of bodies. 
Unlike the traditionally used models of rigid discrete elements (they apply only to brittle 
materials and environments), the authors consider a discrete element as deformable [45, 46]. 
In this work, the approximation of a uniform distribution of deformations and stresses in the 
volume of an element is used. This approximation is similar to the widely used approximation 
of linear interpolation of displacements (first-order polynomial) in the finite element method. 
Within this approximation, the stress-strain state of the discrete element i is characterized by 
the average stress 
i

  and strain 
i

  tensors (, = x,y,z; XYZ is the laboratory coordinate 
system). The components of the averaged stress tensor are calculated in terms of the forces of 
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where Ri is the radius of the equivalent disk/ball, 0ijS  is the initial value of the area of 
contact of the element i with the neighbor j, Vi0 is the initial volume of the element, Ni is 
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  are calculated by analogy. 
The formalism of deformable discrete elements allows modelling the mechanical 
behavior of materials with complex rheological properties. The specific form of relations 
for the forces of central and tangential interaction of elements is determined by the form 
of the constitutive law (elasticity, plasticity, etc.) for the simulated material and usually 
duplicates it. 
This paper deals with elastic-plastic metallic materials. The elastic response of element i to 
mechanical action from element j is written in a form similar to the generalized Hooke's law. 
In hypoelastic form (in increments), the expressions for central and tangential (shear) forces 

































Here, Gi and Ki are the shear modulus and bulk modulus of the material of element i, 
symbol  denotes the increment of the corresponding parameter per integration step, ij and 
ij are central (normal) strain and shear angle of element i in pair i-j (contributions of the 
element to the total values of normal and shear strains of the pair), 
i
mean
  is mean stress in 
the element i (the first invariant of the tensor 
i

 ). The mechanical behavior of an element 
beyond the elastic limit (stress relaxation and accumulation of inelastic strains) is described 
in the framework of the associated plastic flow law using the von Mises yield criterion. 
Within the approximation of a homogeneously deformable element, the second invariant of 
the deviator of the average stress tensor is used as a yield criterion: 
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 ( )i ineq y eq =   , (3) 
where y(
in




  is the equivalent plastic strain in the element i. The plasticity of the element is 
numerically implemented using the radial return algorithm, developed by M.L. Wilkins. 
2.2. The model of cold pressure welding of discrete elements 
Contact interaction and friction of ductile (in particular metallic) materials with high 
surface energy is typically accompanied by local effects of cold welding between the 
surfaces [47-52].  
It is known that chemical bonding of clean and atomically smooth contacting surfaces of 
metals can be achieved even in the absence of significant contact pressure. However, 
complete welding of rough surfaces requires the application of a contact pressure comparable 
to or exceeding the material yield stress. In the general case of surfaces overlaid by cover 
layers and/or contaminants, the required contact pressure can be multiples of the yield stress 
[38-40]. At the same time, numerous experiments indicate that additional plastic shear 
deformation is capable of providing chemical bonding of surfaces of even dissimilar metallic 
materials under contact loads comparable to the yield stress (this is observed, in particular, 
when rolling bimetallic plates or twisting two pressed disks). Efficient bonding of contacting 
surfaces under the condition “compression+shear” is ensured, among other things, due to 
interpenetration and mixing of the surface layers of counterbodies, as well as dispersion of 
cover layer and contaminant. 
Thus, the contact pressure can be used as an appropriate criterion for the beginning/ 
development of the process of cold welding between the surfaces. Its value should exceed a 
certain threshold, sufficient for localization of plastic deformation on the rough surfaces and 
complete contact of these surfaces, as well as for dispersion of possible cover layers and 
contaminants. In this case, the condition for achieving complete adhesion of surfaces is the 
achievement of a certain threshold (minimum) value of accumulated plastic strain in the 
surface layers. It is clear that the threshold values of the two mentioned parameters should 
correlate with the material yield stress and the plastic strain before material failure. However, 
such a relationship is not one-valued due to a large number of other factors (roughness, 
contaminants, dissimilarity of contacting materials, etc.). Therefore, the values of yield stress 
and plastic strain to fracture (or plastic work of deformation) under tension can be considered 
as some reference values for characterizing the condition and criterion of cold welding 
between surfaces [40]. 
The above considerations, combined with the principles of a well-known 
phenomenological model by N. Bay [38-40], form the basis for a phenomenological 
numerical model of cold welding of contacting discrete elements, which simulate parts of 
interacting surfaces or third body fragments. The main theses of the model are as follows: 
1) Cold welding of a pair of contacting (unlinked) discrete elements i and j proceeds 
at the current integration step only if the condition (–ij)>p0weld is satisfied. Here, ij is the 
current specific value of the normal interaction force (it is negative when the pair is 
compressed), and p0weld is the contact pressure threshold (input parameter of the model). 
2) Cold welding between the surfaces of the contacting elements i and j is a 
progressive process and develops as the plastic straining of these elements. Accordingly, 
the area of the contact of the elements (Sij) generally consists of two parts: the area of the 
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chemically bonded (welded) part ijlinkij
ij
link
kSS =  and the area of the unbonded (contact) 
part (1 )
ij ij
link ij linkS S k= − . Here, 10 
ij
link
k  is a fraction of the welded part of the contact 
surface. We assume linear dependence of the rate of increase in the fraction of chemically 









= , (4) 
where  is the increment in the value of the corresponding variable per time step of 
numerical integration of the equations of motion, 
ij
plast
W  is the specific values of plastic 
work of deformation in a pair (elastic strain energy density dissipated as a result of plastic 
straining), Wweld is the specific value of the plastic work of deformation sufficient for 
complete cold welding of contacting elements. 
3) In the general case, the value of Wweld is a decreasing function of the contact 
pressure pn (pn>p0weld). The simplest form of dependence is linear: 
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Here, W0weld=Wweld(p0weld) is the plastic work sufficient for complete welding of elements at the 
minimum value of contact pressure at which this process is stable, and W1weld=Wweld(p1weld) is 
the plastic work sufficient for complete welding at some p1weld > p0weld. In the numerical 
implementation of the model, the value of Wweld in Eq. (4) is calculated according to Eq. (5) at 
each integration step with the use of |ij| as the contact pressure pn. 
4) The increment in the specific work of plastic deformation in a pair i-j (
ij
plast
W ) is 
calculated taking into account the fact that the elements in a pair are deformed differently. 
In other words, the increment of plastic work of deformation of element i in pair i-j 
( ( )i jplastW ) is not equal to the increment of plastic work of deformation of element j in this 
pair (
( )j i
plastW ). Therefore, 
( ) ( )ij i j j i
plast plast plastW W W =  +  (plastic straining of both elements in 
a pair contribute to a tight convergence of the contacting surfaces). The increment in the 
specific work of plastic deformation of element i in pair i-j ( ( )i j
plastW ) is calculated through 
the increment in its equivalent strain in this pair using a unified hardening curve ( )iny eq   
of the material of element i. The increment of the work of plastic deformation of the 
element j (
( )j i
plastW ) is determined in a similar way. Detailed information on the calculation of 
the element’s equivalent strain in a pair (in the general case, it differs from the equivalent 
strain calculated using element’s average strain tensor) is given in [34, 46]. 
The input parameters of the model can be obtained from experimental data or other 
theoretical constructions. These parameters are (W0weld, p0weld) and (W1weld, p1weld) for all 
the pairs of materials and unified hardening curves ( )iny eq   for these materials. 
2.3. The model of bond breaking in the pair of linked discrete elements 
Within the framework of the discrete element method, a local fracture is modeled by 
breaking a chemical bond between elements, that is, by the transition of a pair of 
elements from a linked to an unlinked state. This transition occurs out when the specified 
fracture criterion is fulfilled in a pair. The traditional failure criteria in the mechanics of a 
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deformable solid are “stress-based” ones. They are formulated in terms of stress tensor 
invariants (for example, the Mises criterion for metals and polymers). To implement such 
criteria within the framework of the method of deformable discrete elements, we previously 
developed an approach based on the determination of the local stress tensor on the contact 
surface of a pair of elements [34, 46, 53]. The invariants of this stress tensor are used to 
calculate the given “stress-based” criterion of local fracture. The bond between the elements 
breaks when the criterion exceeds the threshold value (bond strength of the pair). 
The classical “stress-based” (and similar “strain-based”) fracture criteria make it 
possible to adequately simulate a single fracture of the material (upon deformation from 
the initial unloaded state). At the same time, friction of ductile materials with high surface 
energy can be accompanied by multiple alternating acts of local fracture and cold welding 
of fragments in contact spots. The use of “stress-based” or “strain-based” fracture criteria 
(for example, equivalent stress or strain in the pair) for newly formed linked pairs of 
elements can lead to unphysical premature breakage of chemical bonds in these pairs. The 
reason for this is the fact that the formation of new linked pairs by the mechanism of cold 
welding typically occurs under high local stresses. These stresses can be close to or even 
exceed those required to achieve the threshold value of the fracture criterion. 
To solve the described fundamental problem, the authors propose to use the dissipative 
criterion of local fracture (breaking of a chemical bond between discrete elements) instead 
of “stress-based” or “strain-based”. The dissipative criterion characterizes the specific value 
of elastic strain energy dissipated during plastic deformation of the material. Note that in the 
case of conventional mechanical tests on samples of ductile material, the dissipative 
criterion provides the same fracture patterns as the classical Mises criterion or an analogous 
criterion of equivalent strain. 
In the developed discrete-element model, we use specific works of plastic deformation 
of elements i and j in the pair i-j (
( )i j
plastW  and 
( )j i
plastW ). The method for calculating these 
parameters is described in the previous section when describing the numerical 
implementation of the cold welding model. The formulation of the dissipative fracture 
criterion is as follows: 
 ( ) ( )max{ , }i j j iplast plast fractW W W= , (6) 
where Wfract is the specified values (model parameter). The values of Wfract for the pair of 
linked elements of the same material is equal to the area under a unified loading curve 
( )iny eq   in the range from 0=
in
eq  to =
in
eq s (s is inelastic equivalent strain 
corresponding to ultimate stress (strength) and the onset of fracture). The calculation of 
the parameters 
( )i j
plastW  and 
( )j i
plastW  is carried out in an incremental fashion (the increments 
of these parameters are calculated at each integration step). Note that the initial values of 
( )i j
plastW  and 
( )j i
plastW  are assumed to be zero for both the initially linked pairs of elements and 
the newly formed (cold-welded) linked pairs. 
Eq. (6) is a condition for the initiation (beginning) of breaking a bond in a pair of 
elements i and j. The process of local fracture (that is, the formation of two surfaces) is 
considered as distributed over time. The model of stable crack growth [34] is used as a 
model of such a process. Within the framework of this model, a kinetic equation is 
specified for the parameter 
ij
link
k  (the fraction of the chemically bonded part of the contact 
surface): ( , ,...)ij ij ijlink fract linkk f k=  , where f<0 is a specified negative function and 
ij
fract
  is a 
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value of relative displacement of elements after the start of bond breaking. Here, we use 







fk −==  , (7) 
where fract,max is the limiting value of the parameter corresponding to a complete bond 
breakage between the elements ( 0=ij
link
k ). The parameter 
ij
fract




 ) is calculated as a combination of the tensile and shear strain increments in 
the pair i-j. A rough estimate of fract,max is the length of the softening stage (from 
maximum resistance to zero) in the diagram of uniaxial tension of a sample of ductile 
material (true stress should be analyzed). 
3. RESULTS OF THE ILLUSTRATIVE SIMULATION AND DISCUSSION 
The adequacy of the developed discrete element model and its advantages in the study 
of the formation and evolution of large interfacial elements (wear particles and 
prows/wedges) are illustrated by the example of modeling of the tangential contact of two 
rough surfaces of metallic materials with the same mechanical properties (Fig. 1). The 
simulated fragment of the contact zone includes more than 40 asperities. The modeling 
was carried out in a two-dimensional formulation using the approximation of plane stress 
or plane strain state. The linear dimensions of the model were 1000 µm along the X-axis 
and 220 µm along the Y-axis (the dimension in Z-axis is equal to the discrete element 
size 1 μm). Both surfaces have the same roughness parameters: Smi23 µm (average step 
of profile irregularities), Rmax5 µm (maximum profile height).  
 
Fig. 1 Structure and loading scheme of the model fragment of the zone of contact interaction 
of bodies with micro rough surfaces. 
We considered the model material with mechanical properties close to those of 
aluminum bronze (copper content 7%) [54, 55]. The following mechanical characteristics 
of the material were used: density =7800 kg/m3, Young's modulus E=118 GPa, 
Poisson's ratio =0.295, yield stress y=360 MPa, tensile strength UTS=560 MPa. The 
material is elastic-plastic with linear hardening (strain hardening modulus H=900 MPa). 
The value of the parameter Wfract of the dissipative fracture criterion was 141 MJ/m3 
(plastic work of deformation from y to UTS). The value of the parameter max,fract  (the 
length of the softening stage) was assumed to be 5%. The following values of the 
parameters of cold welding model were used: p0weld =y = 360 MPa, Wweld(pn) =const= 
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Wfract=141 MJ/m3. These values of the parameters of the cold welding model can be 
considered as an initial ("sighting") approximation for studying the general patterns of 
formation of interfacial elements (third body fragments) in the contact zone. 
We analyzed the interaction of the counterbodies during their relative tangential 
displacement at a constant speed Vslide and at a given constant pressing force Fn. The force 
is applied to the upper surface of the upper block, its specific value is 36 MPa, or 10% of 
the value of the yield stress of the material. The base of the system (the lower surface of 
the lower block) is fixed in the Y direction and moves along the X-axis at a constant 
speed Vslide=5 m/s. Periodic boundary conditions are applied along the X-axis. 
The simulation results have shown that the type of interfacial fragments formed (and 
the dynamics of the change in the friction coefficient) can qualitatively change when the 
mechanical confinement change in the direction normal to the sliding direction (normal to 
the considered plane in Fig. 1). In the 2D model, two extreme cases of transverse confinement 
were considered: no confinement (plane stress approximation) and “rigid” confinement 
(plane strain approximation, out of plane strains are restricted). 
In the absence of transverse mechanical confinement, large and approximately equiaxial 
particles are formed in the contact zone. These particles are weakly bonded to the surfaces. 
The formation of such particles includes three main stages. 
At the initial stage of friction (stage I), the surfaces are “matching”. Namely, there is 
cutting or abrasion of the initial surface asperities and the formation of the original (small) 
fragments of the third body (torn off or cut off fragments of asperities). Note that even these 
small fragments totally separate the surfaces (Fig. 2a). Some of the fragments undergo strong 
compression by blocks. As a result, they are strongly hardened (in comparison with the 
adjacent surface layers of blocks) and adhere to the surfaces by the mechanism of cold 
welding. In the process of relative tangential displacement of surfaces, such fragments move 
by rolling. In the course of turning, they tear off layers of material from the adjacent areas of 
the surfaces and gradually increase in size (Figs. 2b and 2c). So, already at the initial stage, the 
contact spots are determined not by the current roughness of the surfaces, but by the most 
intensively growing fragments of the third body. 
 
Fig. 2 An enlarged fragment of the central part of the contact zone (Fig. 1) at different 
values of relative tangential displacement of the blocks: (a) 35 µm; (b) 80 µm. 
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The largest (and the most deformed and hardened) fragments of the third body grow faster 
than the others, since in the process of rolling they sequentially adhere to less hardened areas 
of both surfaces and tear off layers of material from them. The shape of these particles 
gradually becomes close to round. As they grow, these particles take on an increasing part of 
the total contact load and therefore are continuously compacted and hardened. At a certain 
stage (stage II), the process of their growth becomes strongly competitive. At this stage, the 
number of “load carrying” particles gradually decreases (Fig. 3). The end of stage II is 
associated with a decrease in the number of “load carrying” particles (Fig. 4) to a certain 
minimum level. The growth of the rest (non-bearing) particles stops, and later they coalesce 
with the largest ones. 
 
Fig. 3 The structure of the contact zone (stage II) at different values of relative tangential 
displacement of blocks: (a) 155 μm; (b) 240 μm. 
 
Fig. 4 Individual “load carrying” particles from the right part of Fig. 3b. 
At stage III, friction passes into a steady state. Here, the “load carrying” particles 
continue to grow, also due to the attachment of smaller (non-carrying) interfacial fragments 
(Fig. 5). Note that, the attached interfacial fragments change the shape of “load carrying” 
particles to significantly nonequaxial and irregular. Rotation of such an irregular “lump” 
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constrained by the surfaces is difficult. So, the “lump” stops rotation and acts as a wedge. 
Such wedges become the most loaded interfacial fragments and are destroyed (or lose large 
fragments). Episodically repeating phenomena of wedging and subsequent destruction of 
the largest and nonequiaxial particles control the maximum characteristic size of these 
fragments of the third body. 
 
Fig. 5 The structure of the contact zone (stage III) at different values of relative tangential 
displacement of blocks: (a) 425 μm; (b) 650 μm; (c) 870 μm. 
So, in the absence of transverse mechanical confinement of the contact zone, the 
sliding friction is actually reduced to adhesive rolling friction caused by the rotational 
motion of load-carrying particles and accompanied by the accretion of the material layers 
from surfaces on these particles. 
The running-in phase (stages I and II) and transition to the steady-state friction (stage 
III) are well manifested in the dependence of the coefficient of friction (COF) on the sliding 
distance (Fig. 6). At the stage of “nucleation” of the initial transfer fragments (stage I), the 
friction coefficient increases and can exceed 1. At the stage of competitive growth of 
interfacial fragments (stage II), the friction coefficient decreases to a level corresponding to 
the stationary regime. At the stage of transition to the steady-state friction regime (stage III), 
the friction coefficient varies around a certain (approximately constant) average value. The 
most significant deviations are associated with the formation and subsequent destruction of 
large “wedges” (lumps of fragments). Note that COF in Fig. 6 characterizes friction of the 
mesoscale area of the contact zone. It is clear that the amplitude of variations in the 
macroscopic COF should be many times smaller. 
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In the case of “rigid” mechanical confinement of the contact zone (imitated by the 
approximation of a plane strain state in a 2D formulation), the development of the frictional 
process differs from that described above not only quantitatively, but qualitatively. After the 
initial stage of surface matching, the peculiar surface “incrustations” of a lumpy or wedge 
shape are formed and gradually grow. Each of these wedges strongly adheres to one of the 
surfaces and moves with it. Similar to a weakly confined contact zone, the growth of wedges 
during friction is a competitive process. Wedges increase in size due to the attachment of 
smaller fragments of the “third body” (transfer fragments), as well as due to the shearing of 
layers of material from the opposite surface (Fig. 7). Reaching some critical size, these 
wedges can crush due to a high concentration of shear stresses. Therefore, similar to the case 
of a mechanically unconfined system, the maximum size of the wedges does not exceed a 
certain characteristic scale. 
 
Fig. 6 Dependence of the instantaneous COF on the relative tangential displacement of 
the blocks. The red line is the result of averaging the instantaneous values in a 
window of 100 points. Key stages I-III are designated in Roman numerals (stages 
are delimited by green vertical lines). The horizontal dashed line is the average 
value of the friction coefficient at stage III. Plane stress state approximation. 
 
Fig. 7 The structure of the contact zone at different values of relative tangential 
displacement of blocks: (a) 190 μm; (b) 300 μm. The frame in (b) highlights the 
largest and the most heavily loaded wedge. Plane strain approximation. 
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So, under the condition of “rigid” mechanical confinement of the surface layers, the 
sliding friction proceeds in a classical manner considered in a recent review by J.A. 
Greenwood [5]. Note that the friction coefficient in a mechanically confined friction pair 
reaches 1.2-1.4 at stage I and then decreases only insignificantly (the average value at the 
stage of steady-state friction is 1.0-1.1). A high value of the local coefficient of friction in 
mechanically confined areas of the contact zone is defined by the formation of strongly 
hardened wedges (instead of rolling particles), which act as an abrasive. 
The simulation results show that the friction can proceed in a significantly different 
manner in the contact zone regions characterized by different degrees of mechanical 
confinement of the surface layers. 
Particles of approximately equiaxial (and mostly round) shape are predominantly 
formed in low confined regions. These particles act as a kind of “rollers” and provide a 
relatively low value of resistance to tangential movement (low value of local COF). 
These interfacial fragments are apparently the wear particles that will be carried away 
from the contact zone due to the relatively weak adhesion to the surfaces. The formation 
of such particles seems to be the predominant wear mechanism in the regions of the 
contact zone characterized by low mechanical confinement. 
Wedges, the well-known interfacial elements in tribology, are predominantly formed 
in highly confined regions of the contact zone. These interfacial fragments have a large 
contact area and strong adhesion to one of the surfaces, move with it and, generally 
speaking, are not wear particles. The largest wedges are strongly hardened and therefore 
can play a role similar to that of an abrasive and produce high characteristic values of the 
local coefficient of friction. So, wear in highly confined regions of the contact zone is 
mainly due to the removal of (1) small fragments formed during crushing of the most 
loaded wedges and (2) small surface irregularities cut by the abrasive wedges. 
The relative contributions and balance of the described processes in a real three-
dimensional contact zone (and, consequently, the value of the macroscopic coefficient of 
friction and the wear rate) should depend on the ratio of squares of low and highly 
confined regions. 
4. CONCLUSION 
The proposed numerical models of the formation and breakage of chemical bonds in 
metallic materials are based on the use of a unified energy-based (dissipative) parameter, 
namely, the plastic work of deformation. The unification ensures the consistency of these 
models and the unity of the phenomenological description of opposing (competing) 
processes of fracture and cold welding under the contact interaction of ductile materials.  
The implementation of these models within the method of homogeneously deformable 
discrete elements made it possible not only to adequately model the formation and evolution 
of qualitatively different interfacial (third body) fragments but also to identify conditions 
favorable for the formation of specific types of interfacial fragments. In particular, we have 
shown that either equiaxial (rounded) particles weakly adhered to surfaces, or wedges/prows 
are predominantly formed depending on the degree of mechanical confinement of the contact 
region. Accordingly, the degree of mechanical confinement should largely determine the 
value of the friction coefficient, as well as the wear rate and the size distribution of wear 
particles. 
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The results of the preliminary study are relevant for a deeper understanding of the 
conditions for the implementation of various mechanisms of wear during sliding friction, as 
well as approaches to the control of these mechanisms. Note that the shown regularities of 
friction and wear of ductile materials qualitatively differ from those observed in experiments 
(and modeling) on the friction of brittle (ceramic) materials. The low surface energy of brittle 
materials provides the formation of the third body fragments (particles) by means of fracture 
of asperities or crushing of large third body fragments. This debris not only separates the 
interacting surfaces and acts as rollers and/or abrasive but fills in the surface irregularities and 
redistributes (equalizes) the load between them. Accordingly, surface profile matters for the 
tangential contact of brittle materials. This ensures the applicability of analytical and semi-
analytical models of contact mechanics. As evidenced by the above-shown calculation results, 
such models are poorly applicable to describe the tangential contact of ductile materials, since 
the relief of interacting surfaces is of minor importance as it affects only the dynamics of the 
growth and breakage of “rollers” and wedges. This problem (including the applicability of 
contact mechanics models for describing the tangential contact of ductile materials) is 
discussed in a recent conceptual paper by the classic in this field, J.A. Greenwood [5]. The 
simulation results shed light on some of the important issues raised in this paper. 
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